During pregnancy, fetal extravillous trophoblasts (EVT) play a key role in the regulation of maternal T cell and NK cell responses. EVT display a unique combination of human leukocyte antigens (HLA); EVT do not express HLA-A and HLA-B, but do express HLA-C, HLA-E, and HLA-G. The mechanisms establishing this unique HLA expression pattern have not been fully elucidated. The major histocompatibility complex (MHC) class I and class II transcriptional activators NLRC5 and CIITA are expressed neither by EVT nor by the EVT model cell line JEG3, which has an MHC expression pattern identical to that of EVT. Therefore, other MHC regulators must be present to control HLA-C, HLA-E, and HLA-G expression in these cells. CIITA and NLRC5 are both members of the nucleotide-binding domain, leucine-rich repeat (NLR) family of proteins. Another member of this family, NLRP2, is highly expressed by EVT and JEG3, but not in maternal decidual stromal cells. In this study, transcription activator-like effector nuclease technology was used to delete NLRP2 in JEG3. Furthermore, lentiviral delivery of shRNA was used to knockdown NLRP2 in JEG3 and primary EVT. Upon NLRP2 deletion, Tumor Necrosis Factor-α (TNFα)-induced phosphorylation of NF-KB p65 increased in JEG3 and EVT, and more surprisingly a significant increase in constitutive HLA-C expression was observed in JEG3. These data suggest a broader role for NLR family members in the regulation of MHC expression during inflammation, thus forming a bridge between innate and adaptive immune responses. As suppressor of proinflammatory responses, NLRP2 may contribute to preventing unwanted antifetal responses.
Introduction
Human extravillous trophoblasts (EVT) express a unique combination of human leukocyte antigens (HLA) and are key cells in the regulation of maternal T cell and NK cell responses at the maternal-fetal interface during pregnancy [1, 2] . Whereas nearly all cell types express HLA-A, HLA-B, HLA-C, and HLA-E, EVT lack expression of HLA-A and HLA-B, while expressing HLA-C and HLA-E. In addition, EVT uniquely express HLA-G. In fact, EVT are the only cells known to constitutively express HLA-G in healthy tissue [3, 4] . Despite the distinct HLA expression phenotype of EVT, the regulatory mechanisms that prevent HLA-A and HLA-B expression and establish HLA-C, HLA-E, and HLA-G expression on EVT have not been fully elucidated [5] . After the discovery of CIITA, the Class II Transactivator, as the transcriptional master regulator of major histocompatibility complex (MHC) class II genes in 1993 [6] , NLRC5 (nucleotide-binding domain, leucine-rich repeat family, CARD domain-containing 5) has recently emerged as a transcriptional regulator of MHC class I genes [7] [8] [9] . Both CIITA and NLRC5 enter the nucleus despite lacking DNA-binding domains and activate MHC genes by forming a nucleoprotein complex, called the enhanseosome, together with transcription factors that include the RFX complex, CREB/ATF1, and the NF-Y factors [10] [11] [12] [13] . Unlike CIITA, which affects constitutive as well as inducible MHC class II expression, NLRC5 mainly affects Interferon (IFNγ )-induced MHC class I expression and has a more limited effect on its constitutive expression [8, 9, 14, 15] . CIITA and NLRC5 are both members of the nucleotide-binding domain, leucine-rich repeat (NLR) family of proteins of which around 20 members have been identified in humans. Of these, NLRP12 (previously known as Monarch-1/Pan1/Pypaf2) was shown to enhance nonclassical and classical MHC class I expression at the level of the promoter, enhancing both mRNA and protein levels [16] . NLR family proteins also function as intracellular pattern recognition receptors and are key components of the various inflammasomes [17] [18] [19] .
Microarray analysis demonstrated that NLRC5 and CIITA are expressed neither by EVT nor by the EVT model choriocarcinoma cell line JEG3 that has an identical MHC expression pattern to EVT [2] . Furthermore, RFX5 as well as other factors that bind the SXYmotif of the MHC class I promoter and cooperate with NLRC5 to induce MHC class I expression are expressed in low levels in trophoblasts [10, 20] . Therefore, other MHC regulators must be present in EVT and JEG3 to control expression of HLA-C, HLA-E, and HLA-G on these cells. Microarray data identified one particular member of the NLR family, NLRP2, as being highly expressed by villous trophoblast (VT), EVT, and JEG3 [2] . The activation of several members of the NLR gene family (e.g., NOD1, NOD2, NLRC4, NLRP1, and NLRP3) by pathogen-associated molecular patterns (PAMPs), (e.g., muramyl dipeptide), as well as dangerassociated molecular patterns (e.g., extracellular ATP, uric acid and asbestos), elicits proinflammatory pathways, such as the phosphorylation of NF-ƙp p65, and can promote the assembly of macromolecular protein complexes termed inflammasomes. This process leads to activation of the cysteine protease, caspase-1, which in turn induces interleukin-1β (IL-1β) and IL-18 secretion [21] [22] [23] , further enhancing inflammation. In contrast, overexpression of NLRP2, as well as NLRP4 (previously PAN2), NLRP10 (previously PYNOD), NLRP12, or NLRPX1, has been shown to inhibit NF-ƙB activation and reduce type I interferon responses [24, 25] , possibly functioning as a negative feedback loop to control excessive inflammation [26] [27] [28] [29] . Interestingly, NLRP2 inhibits NF-ƙ p65 signaling through interaction with proteins that control the activity of IƙB [24] . NLRP2 binds the IkB kinase (IKK) complex and thereby inhibits IƙB degradation induced by TNFα in macrophages and suppresses NF-ƙB p65 activation [28, 29] . Thus, the NLR family of proteins provides a complex system of inducers and inhibitors of key immune regulators such as NF-ƙB signaling. Furthermore, NLRP genes play important roles in mammalian oocytes and reproductive systems [30] and NLRP2 is expressed at much higher levels in placenta compared to other tissues [28] . In this study, we describe the immune suppressive function of NLRP2 in both JEG3 and primary human EVT. By suppressing NF-ƙw p65 phosphorylation and HLA-C expression, NLRP2 may contribute to the establishment of immune tolerance at the maternal-fetal interface and prevent detrimental antifetal responses by maternal NK and T cells. A broader role for NLR family members in the regulation of MHC expression during inflammation is suggested by these data.
Materials and methods

Generation of NLRP2 knockout cell lines
Transcription activator-like effector nucleases (TALENs) were designed to specifically target the first coding exon of the NLRP2 gene (Supplemental Figure S4A ). TALEN genomic DNA-binding sites were chosen to be 15 bp in length such that the target sequence between the two binding sites was 14 bp in length; each binding site was anchored by a preceding T base in position "0" as has been shown to be optimal [31, 32] . Full-length TALENs were constructed as described previously [33] . JEG3 were cultured in RPMI containing glutamine, penicillin/streptomycin and 10% FBS. Transfection of the plasmids encoding for the TALEN pair into JEG3 was performed using Fugene 6 (Roche) in 10-cm tissue culture plates according to manufacturer's instructions. JEG3 were collected 48 h posttransfection by trypsin treatment, and GFP-expressing cells were sorted on a FACSAria III (BD). GFP+ JEG3 were plated on 10-cm culture dishes at 5000 cells/dish and allowed for recovery for 10 days. Single colonies were manually picked and dispersed and replated individually into 96-well plates. Colonies were allowed to grow to near confluence for 7 days, and split using trypsin and replica-plated to create two working stocks and one frozen stock. From one working stock, genomic DNA was extracted in 96-well format by adding lysis buffer (10 mM Tris pH 7.5, 10 mM EDTA, 10 mM NaCl, 0.5% Sarcosyl) containing proteinase K at 56
• C overnight in a humidified chamber. Genomic DNA was precipitated by addition of 95% ethanol containing 75 mM NaCl for 1 h at 4
• C. The DNA was washed twice in 70% ethanol, dried at RT and resuspended in Tris-EDTA (TE) buffer supplemented with RNAse A. Genotyping at the TALEN target site was then performed for each sample by PCR using FWD: TGATTGTCATCACAGCTCCCA; REV: TGCTTCCCATCAGCCTTGTC primers (Supplemental Figure 4A -C). Amplicons were loaded on 2.5% agarose gels to discriminate clones. Positive clones were identified by having a band or bands visibly shifted in size from the baseline (193 bp). A total of 39 positive clones out of 317 total clones were identified. The 39 clones were trypsinized and further expanded. Western blot lysates were made to determine the NLRP2 protein level in each of the 39 clones. One complete NLRP2 knockout clone was identified as well as multiple clones with reduced NLRP2 levels. To determine the mutations introduced into the NLRP2 KO clone and a subset of potentially heterozygous clones, PCR amplicons were sub cloned using the TOPO TA Cloning Kit (Invitrogen) and subjected to Sanger sequencing.
In a similar fashion, four clones were confirmed to be wild type. One confirmed KO clone, four confirmed HZ, and four confirmed WT clones that were treated with TALENS but did not show the TALEN-mediated mutation were used in further experiments. In addition, one heterozygous clone with one mutant allele was expanded and subjected to a second round of TALEN targeting which yielded three more KO clones.
Tissue samples and trophoblast isolation
Discarded human placental material (gestational age 6-12 weeks) was obtained from women undergoing elective pregnancy termination in a local reproductive health clinic. All of the human tissue used for this research was deidentified, discarded clinical material. The Committee on the Use of Human Subjects (the Harvard IRB) determined that this use of placental and decidual material is Not Human Subjects Research. The procedure to isolate EVT has recently been described [2] . In short, villous tissue was gently scraped from the basal membrane. Thereafter, the tissue was digested for 8 min at 37
• C with a trypsin (0.2%) EDTA (0.02%) solution. Trypsin was quenched with F12 medium containing 10% New Born Calf Serum (NCS) and pen/strep (all from Gibco). Cells were filtered over a gauze mesh and were washed once with complete F12 medium and layered on Ficoll (GE Healthcare) for density gradient centrifugation (20 min, 2000 rpm). Cells were collected, washed once, and incubated 20 min at 37
• C in a tissue culture dish for removal of macrophages.
Trophoblast isolates were stained for EGFR1 FITC (Serotec), HLA-G PE, (clone MEM-G/9, Abcam) CD14 PE-Cy7 (BD), and CD45 APC (BD) (Supplemental Table S1 ). CD45-EGFR1 dim HLA-G+ EVT were sorted on FACS ARIA III. A purity of >95% HLA-G+ EVT was obtained and the median EVT yield was 1.5 × 10 5 (range 0.3-
. A minimum of 50.000 CD45-EGFR1 dim HLA-G+ EVT were plated on 24-well cell culture plates (Costar) precoated with fibronectin (300 μl 20 ng/ml 45 min, BD), in DMEM/F12 medium (Gibco) supplemented with 10% NCS, pen, strep and glutamine, insulin, transferrin, selenium (Gibco), 5 ng/ml EGF (Peprotech), and 400 units human gonadotropic hormone (Sigma).
Lentivirus-mediated shRNA knockdown
Five NLRP2-shRNA constructs in pLKO.1 TRC cloning vector were obtained from Open Biosystems. A construct with a scrambled sequence was used as control. Packaging of lentivirus was achieved by transfecting 293T cells with one NLRP2-shRNA together with pLP1, pLP2, and pLP-VSVG plasmids according to the Viralpower Lentivirus expression system from Invitrogen. The supernatants from transfected 293T cells were harvested and used to infect JEG3 or EVT. Puromycin (5 μg/ml) was added 24 h after infection, and the efficiency of knocking down was verified by western blot.
Western blot analysis
Samples were lysed with RIPA lysis buffer (Sigma) for 30 min on ice, and spun 10 min 10,000 rpm. Supernatant was collected and boiled for 10 min with NuPage LDS sample buffer containing β-mercaptoethanol. Lysates were run on 4-12% Bis-Tris Polyacrylamide gel (Life Technologies), transferred to Nitrocellulose membranes on an iBlot transfer system (Life Technologies). Membranes were blocked for 1 h in 5% BSA in Tris-buffered saline-Tween (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20). The following antibodies were used for protein detection: NLRP2 (mAb 443625, R&D Systems), HLA-G (mAb MEM-G1, Abcam), Phospho-Ser563 NF-kB p65 (mAb 93H1), NF-kB p65 (mAb D14E12), and IkBα (mAb L35A5) all from Cell Signalling Technologies and HSP70
(mAb W27, Biolegend) (Supplemental Table S1 ). Antimouse IgG or anti-Rat IgG horseradish peroxidase (HRP)-conjugated secondary antibodies (GE Healthcare) were added for 1 h. Blots were developed using Immobilon Western HRP substrate Luminol reagent (Millipore Corporation). Quantification of western blots was done using ImageJ software.
Quantitative real-time PCR
Real-time PCR was performed on wild-type, heterozygous, and knockout JEG3 lines. RNA was directly isolated with a Stratagene Absolutely RNA Microprep Kit according to manufacturer's instructions. Purified RNA was stored at -80 • C. RNA was reverse transcribed with Stratagene's AffinityScript QPCR cDNA Synthesis Kit and according to manufacturer's protocol. Amplification of specific PCR products for HLA-C, HLA-E, HLA-G, and GAPDH were detected using the SYBR green system (Applied Biosystems) in dupli 
Confocal imaging
JEG3 or primary EVT were cultured on fibronectin-coated cover slips. Cells were fixed with 1% paraformaldehyde for 10 min and permeabilized using PBS/0.01% Triton X. Cells were stained with anti-NLRP2 (R&D systems) for 30 min and thereafter washed three times. Goat-antimouse Alexa-488 was added for 30 min and cells were further stained with DAPI (Biolegend) and Phalloidin-CF568 (Biotium). Extravillous trophoblasts were also stained with anti-HLA-G (MEM-G9 conjugated to CF647 using an antibody labeling kit (Biotium)). Anti-HLA-G was added to the culture 30 min before fixing and thereafter cells were stained with anti-NLRP2 and DAPI as described above. Acquisition was performed on the Zeiss LSM510 microscope.
Statistics
All data were analyzed using GraphPad prism software. To determine differences between two unpaired groups a nonparametric Mann-Whitney test was performed, whereas between two paired groups, a nonparametric Wilcoxon signed-rank test was performed. To determine differences between more than two groups a nonparametric Kruskal-Wallis one-way ANOVA with Dunn's multiple comparison post-test was performed. P-values <0.05 are considered to reflect significant differences.
Results
Regulation of major histocompatibility complex expression in trophoblasts
Expression of HLA proteins in somatic cells depends on the presence of the transcriptional regulators NLRC5 (MHC class I) and CIITA (MHC class II) and additional proteins that together form the MHC enhanceosome, allowing for HLA transcription (Supplemental Figure S1A and B; [34] ). Analysis of a recently published microarray Figure S2 ). In addition, CIITA was absent in all cell types and NLRP12, previously implicated in the regulation of classical and nonclassical MHC genes, was not differentially expressed in VT, EVT, JEG3, and DSC ( Figure 1A and D) . Furthermore, RFX-5, RFX-ANK, and RFX-AP, key components of the MHC class I enhanceosome, are either absent or display lower expression levels in EVT compared to DSC (Supplemental Figure S1C and D) . In JEG3, RFX5 expression is reduced, whereas RFX-ANK and RFX-AP have similar or increased expression compared to DSC. Other elements display equal (e.g., ATF1) or increased (e.g., NF-κB, IRF1) RNA expression levels in EVT and JEG3 compared to DSC (Supplemental Figure S1C and D) . Besides transcriptional regulation, MHC protein stability and cell surface expression depend on the binding of peptides to the MHC molecules. Peptide loading to MHC class I molecules is a complex process that requires many proteins. The microarray data set revealed that key molecules required for peptide transport (TAP1, TAP2), peptide trimming (ERAP1 and ERAP2), and formation of the MHC/peptide loading complex (Tapasin, Calreticulin, Calnexin and ERP57), as well as beta-2 microglobulin (B2M), are expressed by EVT and are thus not limiting factors in MHC expression on the EVT cell surface (Supplemental Figure S3A and B). Thus, in the absence of NLRC5 and CIITA, other transcriptional regulators must be involved in controlling the expression of HLA-C, HLA-E, and HLA-G on trophoblasts. NLRC5 and CIITA are both members of the NLR family and another member, NLRP2, was found to be highly expressed by VT, EVT, and JEG3 but not by DSC ( Figure 1E ). NLRP2 is expressed at a much higher level in placenta compared to other tissues [28] . The expression of NLRP2 mRNA was about 2-fold higher in EVT and JEG3 compared to VT. NLRP2 expression was confirmed in JEG3 and primary EVT using confocal microscopy ( Figure 2 ). Interestingly and in contrast to NLRC5 and CIITA, NLRP2 was not observed in the nucleus. Moreover, blocking nuclear export with Leptomycin B (11) did not result in nuclear accumulation of NLRP2, suggesting that NLRP2 does not enter the nucleus (data not shown).
Generation of NLRP2-deficient JEG3 lines
To study the role of NLRP2 in JEG3 in more detail, NLRP2-deficient JEG3 lines were generated using TALEN technology [33] . Briefly, TALENs were designed to specifically target the first coding exon of the NLRP2 gene, as outlined in Methods and Supplemental Figure S4A and B. Next, JEG3 were transfected with the TALEN pair, FACS sorted and single colonies were isolated and expanded. PCR analysis identified 39 mutant clones out of a total of 319 clones, as assessed by the presence of a shifted PCR band compared to the parental JEG3 cell line. All 39 clones were analyzed by western blotting, and one clone out of these 39 clones showed no NLRP2 expression, whereas multiple clones had reduced NLRP2 expression as compared with parental JEG3. TOPO cloning and western blotting was used to confirm knockout, heterozygous, and wild-type clones (Supplemental Figure S4C-F) . Four wild-type clones, four heterozygous clones, and the one knockout clone were selected for further experiments. In addition, one heterozygous clone was retargeted with the same TALEN pair and yielded three additional knockout clones that were confirmed by PCR and western blotting (Supplemental Figure S4G ).
Deletion of NLRP2 increased HLA-C protein and mRNA expression
Knock-out, heterozygous, and wild-type clones, as well as parental JEG3, were analyzed in parallel for the expression of HLA-C (mAb clones TRA2G9 and DT9), HLA-E (mAb 3D12), and HLA-G (mAb MEM-G9) by flow cytometry. A significant increase in HLA-C expression on the NLRP2 KO clone compared to parental JEG3 and WT clones was observed using both TRA2G9 and DT9 mAbs ( Figure 3A and B, E). In addition, a small, yet not statistically significant, increase in HLA-C expression was observed in the heterozygous versus the wild-type clones. Of note, no differences in expression of HLA-E and HLA-G between clones and parental JEG3 cells were observed ( Figure 3C -E). The antibody used for detection of HLA-C (DT9) has been reported to cross-react with HLA-E [35] . However, HLA-E expression was not significantly affected by NLRP2 depletion, showing that the change in DT9 staining is due to changes in HLA-C expression. The three additional knockout clones generated by retargeting one heterozygous clone demonstrated a significant increase in HLA-C expression compared to retargeted but still heterozygous clones (Supplemental Figure S4H) . To investigate whether loss of NLRP2 leads to increased transcription of HLA-C, total RNA was isolated from wild-type, heterozygous and knockout clones and analyzed for HLA-C, HLA-E, and HLA-G expression by qPCR. HLA-C mRNA was indeed found to be increased on all knockout clones compared to wild type, whereas HLA-E and HLA-G mRNA expression remained unaltered ( Figure 3F-H ). These data demonstrate that deletion of NLRP2 specifically increases HLA-C protein and mRNA expression in trophoblasts. Thus, NLRP2 functions as a suppressor of HLA-C expression, but does not influence expression of HLA-E and HLA-G molecules.
Cytokine-induced major histocompatibility complex class I expression is affected NLRP2 knockout JEG3 clones
To investigate whether deletion of NLRP2 also affects TNFα-and IFNγ -induced MHC class I expression, NLRP2 knockout, heterozygous and wild-type clones, as well as the parental JEG3 cells, were stimulated with TNFα (20 ng/ml) or IFNγ (100 ng/ml) and analyzed by flow cytometry 48 h poststimulation. Stimulation with IFNγ significantly increased the expression of HLA-C on all JEG3 clones ( Figure 4A and B). The parental JEG3 and wild-type clones had a significant greater fold change in HLA-C expression after IFNγ stimulation (∼4-fold and ∼3-fold, respectively) compared to the knockout clone (∼2-fold). However, despite this difference, the MFI for HLA-C remained higher on the knockout clone compared to the wild-type clones after IFNγ stimulation ( Figure 4A and B) . Stimulation with TNFα resulted in a significant increase of HLA-C on the parental JEG3 (∼3-fold increase) and wild-type clones (∼2.3-fold) but the knockout clones only increased HLA-C by ∼1.5-fold. IFNγ or TNFα stimulation did not increase the expression of HLA-E or HLA-G on any of the JEG3 clones ( Figure 4C-E) . Thus, NLRP2 negatively regulates constitutive HLA-C expression, but in its absence cytokine-induced HLA-C expression is impaired.
NLRP2 deletion in JEG3 increases NF-κB p65 Ser536 phosphorylation upon TNFα stimulation
NLRP2 was previously shown to inhibit activation of NF-ƙB p65 in macrophages through binding of the IKK complex [28, 29] . Wildtype and knockout JEG3 clones were stimulated with TNFα (20 ng/ml) and as a control with IFNγ (100 ng/ml) and analyzed by western blotting for presence of phosphorylated NF-ƙ (p65 Ser536 (NF-ƙB p65-P)) in a time-dependent manner ( Figure 5A ). NF-ƙB p65 Ser536 is targeted for phosphorylation by different kinases including IKKs upon TNFα stimulation [36, 37] . Stimulation with TNFα generated earlier and increased NF-ƙB p65-P in knockout versus wild-type clones ( Figure 5A , C, and D). Furthermore, IƙBα protein decreased more rapidly in NLRP2 knockout compared to wild-type clones ( Figure 5B-D) , while NF-ƙB p65 levels did not change upon stimulation in both knockout and wild-type clones ( Figure 5B-D) . Basal protein levels of NF-ƙB p65-P, NF-ƙB p65, and IƙBα were not significantly different in unstimulated knockout and wild-type clones. This demonstrates the ability of NLRP2 to suppress phosphorylation of NF-ƙB p65 and IƙBα degradation in JEG3. IFNγ stimulation did not increase NF-ƙB p65-P in any of the JEG3 lines (data not shown).
NLRP2 knockdown in primary extravillous trophoblasts leads to increased NF-κB p65 Ser536 phosphorylation upon TNFα stimulation
Although the MHC expression profile of JEG3 is similar to primary HLA-G+ EVT, many differences exist between JEG3 and EVT [2, 38] . Furthermore, and in contrast to JEG3, EVT are nonproliferating and short-lived cells in in vitro culture. The TALEN-mediated knockout system requires proliferating cells that can be cultured for multiple passages and is thus not suitable for use in primary EVT. Therefore, lentivirus containing NLRP2 shRNA as well as lentivirus with scrambled control shRNA were generated. To validate the lentivirus knockdown efficiency, JEG3 were infected with the five different lentiviral constructs and analyzed for NLRP2 expression. NLRP2 shRNA-4 containing lentivirus demonstrated the highest level of NLRP2 knockdown as examined by western blot analysis (Supplemental Figure S5A and B) . HLA-G expression remained unchanged after knockdown of NLRP2 (Supplemental Figure S5C ). In addition, NLRP2 knockdown by shRNA-4 also demonstrated increased NF-ƙH p65-P levels in JEG3 upon stimulation with TNFα (Supplemental Figure S5D and E). Primary HLA-G+ EVT were isolated as described previously [2] and infected with either NLRP2 shRNA-4 as well as scrambled control shRNA containing lentivirus. Three days after transduction with shRNA, EVT were stimulated with TNFα for 15 min and lysates were prepared and analyzed by western blotting. Transduction with NLRP2 shRNA-4 resulted in a ∼40% reduction of NLRP2 protein compared to transduction with scrambled control shRNA, while HLA-G levels remained unchanged ( Figure 6A-C) . Furthermore, TNFα stimulation of EVT resulted in an increase in NF-ƙB p65-P and most importantly NLRP2 shRNA-4 infected EVT had higher levels of NF-ƙB p65-P than EVT infected with scrambled control shRNA lentivirus ( Figure 6A and D) . As a control, uninfected EVT2 (Fig 6A, lane 5 ) and EVT2 infected with scrambled shRNA (Fig 6A, lane 6 ) were compared and no changes in protein expression was observed in these cell lysates. HLA-G levels did not change upon TNFα stimulation or NLRP2 knockdown. Thus, NLRP2 acts also as a suppressor of NF-ƙ, p65 phosphorylation in primary EVT.
Discussion
Classical MHC class I molecules HLA-A, HLA-B, and HLA-C are highly polymorphic proteins of which the main function is peptide presentation to antigen-specific T cells. In contrast, the nonclassical HLA-E and HLA-G molecules have limited polymorphism.
HLA-E has a limited peptide-binding repertoire and can present self and pathogen-derived peptides, whereas peptide-binding capacity for HLA-G remains to be confirmed [39] [40] [41] . HLA-C is the only classical MHC molecule expressed by EVT and has a unique role in pregnancy, as the only polymorphic MHC molecule that can elicit an allogeneic response by maternal T cells at the maternal-fetal interface [42] . In addition, HLA-C is also the only classical MHC molecule expressed by EVT that can present peptides to maternal T cells and can generate a protective immune response to intracellular pathogens [42] . This dual function of HLA-C may require tight (transcriptional) regulation to balance induction of immune tolerance and protective immunity to infections.
T cell activation strongly depends on the affinity of the TCR for its MHC/peptide complex. Low-affinity interactions predominantly result in T cell suppression or anergy, whereas high-affinity interactions result in effector T cell generation and cytolysis of target cells [43] . The affinity of TCR for MHC/peptide is dependent on the conformation of the MHC/peptide complex and the expression level of both TCR on the T cells and the MHC/peptide complexes on the target cells [44, 45] . IFNγ -mediated upregulation of HLA on host cells is a hallmark of the response to acute infection [46] . In this study, we demonstrate that NLRP2 is a suppressor of constitutive HLA-C expression on the cell surface. However, in the absence of NLRP2, the HLA-C induction by TNFα and IFNγ is reduced, suggesting that NLRP2 facilitates cytokine-induced HLA-C expression. Thus, NLRP2 may skew maternal T cell response to induce tolerance in the absence of these cytokines (and low HLA-C expression) while at the same time allowing maternal T cells to engage with high HLA-C levels when proinflammatory cytokines are present. High cell surface expression of HLA-C has been correlated with an increased control of HIV infection and associated with an increased cytotoxic T lymphocyte precursor frequency in hematopoietic stem cell transplant patients [47, 48] . In the presence of IFNγ (and to a lesser extent TNFα), HLA-C expression is increased on EVT and may result in higher affinity TCR engagement and effector T cell responses.
Similarly, HLA-C is the ligand for killer cell immunoglobulin-like receptors (KIR) expressed by NK cells. HLA-C binding to KIR strongly depends on HLA-C expression levels and can result in activating (KIR2DS1) or inhibitory (KIR2DS1/2/3) responses by NK cells [49] . Recently, a skewing of KIR expression on decidual NK cells (dNK) at the maternal-fetal interface towards recognition of HLA-C was demonstrated [50] . In particular, the potential of dNK to develop an activating response through KIR2DS1 and its interaction with HLA-C2 was increased in comparison to peripheral blood NK cells [51] . Thus, the control of HLA-C by NLRP2 may facilitate immune tolerance in T cells and dNK at low levels but allow for dNK and T cell activation in the presence of proinflammatory signals (e.g., IFNγ ) as found during infections.
Both NLRC5 and CIITA lack DNA-binding domains and activate MHC genes by forming a nucleoprotein complex together with transcription factors that include the RFX complex, CREB/ATF1, and the NF-Y factors [10] [11] [12] [13] . NLRC5 and CIITA shuttle into the nucleus and point mutations in the nucleotide binding domain (NBD) prevented nuclear import and MHC transcription [15, 52, 53] . In this study, we present evidence that NLRP2 suppresses HLA-C mRNA transcription in JEG3. However, NLRP2 has not been shown to enter the nucleus, and does not have a nuclear localization signal nor a NBD. This suggests that NLRP2 is a regulator but not a transcriptional regulator.
Previous studies demonstrated that single nucleotide polymorphisms in NLRP2 were associated with Beckwith-Wiedemann syndrome, a fetal over growth and familial imprinting disorder [54] , miscarriages [55] , and rheumatoid arthritis [56] . In these studies, NLRP2 was suggested to regulate epigenetic modifications and gene methylation. More recently, NLRP5 was associated with reproductive wastage and multilocus imprinting disorders in humans [57] . Major histocompatibility complex expression is negatively correlated with promoter methylation [58, 59] , although speculative NLRP2 may influence HLA-C expression through gene methylation. Another possibility is that the increased activation of NF-ƙa upon NLRP2 deletion is the proximal cause of activation of HLA-C transcription. Similar to HLA-A and HLA-B, the HLA-C promoter region contains a sequence (enhancer A) that allows NF-ƙf binding and enhances transcription [60, 61] . However, enhancer A in the HLA-C gene contains nucleotide variations that may alter the binding affinity of the various NF-ƙ-derived dimers and their ability to regulate HLA-C expression. The enhancer A motif is absent from HLA-G whose expression is not enhanced by knockout of NLRP2 [61, 62] . Activation of transcription of MHC class I genes by release of inhibitory factors from the MHC class I promoter region has been described [63] . Much remains to be learned about the mechanism of transcription of HLA-C that does not require NLRC5 in JEG3 or EVT.
NF-ƙB p65 is targeted for phosphorylation at Ser536 by different kinases including IKKs [36, 37] . IKK-mediated phosphorylation of Ser536 is induced by TNFα and LPS and enhances transcriptional activity of various proinflammatory genes. Phospho-Ser536 is an active mark for canonical NF-ƙ activation which is dependent on IƙBα. However, it can also be involved in noncanonical activation independent of IƙBα degradation [36] . NLRP2 has been shown to suppress NF-ƙ p65 activation in macrophages by binding the IKK complex and inhibiting IƙB degradation [28, 29] . Here, we demonstrate that NLRP2 suppresses NF-ƙB p65 Ser536 phosphorylation and inhibits IƙBα degradation in JEG3 and EVT. Interestingly, TNFα but not IFNγ induced phosphorylation of NF-kB p65 in JEG3 and EVT. However, both IFNγ and TNFα significantly increased HLA-C expression on JEG3. This suggests that NF-kB p65 activation and induction of HLA-C expression in JEG3 and EVT are not directly related. However, NLRP2 suppresses both pathways and thereby reduces the immunogenicity of EVT. NLRP2 may further suppress the immunogenicity of EVT by attenuation of the downstream NFƙp signaling pathways that include production of proinflammatory cytokines, chemokines, growth factors, and cell adhesion molecules. Suppression of these proinflammatory pathways within EVT may prevent maternal immune activation and detrimental immune responses that could lead to trophoblast rejection.
The ability of NLRP2 to suppress HLA-C expression and NF-ƙB activation confirms the anti-inflammatory nature of NLRP2. Moreover, this study supports the hypothesis that NLRP2 and possibly other proteins of the NLR family have additional functions beyond pattern recognition and induction of proinflammatory responses that includes the control of MHC expression [17] . Thus, NLR proteins may provide a bridge between innate and adaptive immunity whereas NLRP2 in particular helps to balance pro-and anti-inflammatory responses within EVT that may be crucial to establish maternal-fetal tolerance during pregnancy.
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